efficient cooling pathway beyond the super-Plankian regime that clips the electron temperature when the ZKT threshold field is reached. This new regime suggests the emission of HPP by out-of-equilibrium electron-hole pairs. We have investigated single layer (SLG), bilayer (BLG) and trilayer (TLG) graphene transistors where similar results are observed (see SI section-III and Fig.S3 ). However, we focus here on the BLG sample which is most illustrative essentially due to its nearly energy independent density of states (DOS) 45 . In addition, this BLG sample approaches the intrinsic limit with v sat ≃ 3.10 5 m.s −1 , thereby bringing a more direct insight into the ultimate relaxation mechanisms where currents and
Joule power are maximized.
Intraband current saturation
A picture of the BLG transistor and its low-bias resistance are shown in Figure 1 -a.
The device is made of a (L × W = 4 × 3 µm), high-mobility (µ ≃ 3.10 4 cm 2 V −1 s −1 ) BLG flake exfoliated on a 23 nm-thick hBN crystal deposited on a metallic (Au) bottom gate, and equipped with high transparency Pd/Au contacts (see Methods). The gate capacitance C gs ≃ 1.15 mF/m 2 , calibrated against quantum Hall plateaus defines the accessible Fermi energy range ε F = ±0.2 eV. As seen in Fig.1 -b, the device demonstrates full current saturation at moderate and high doping, whereas the emergence of a constant-resistance regime at low doping is the fingerprint of Zener-Klein tunneling of conductivity σ zk 15 . As shown in the Supplementary (section-II and Fig.S2 ), the full current saturation in Fig.1-b results from the balance between the ZKT current and a decrease of the saturation current by drain doping, which is a property of thin dielectric devices. In the following we correct for this effect by biasing the BLG sample along constant density lines (V gs − 0.4V ds = Const).
Although similar results are obtained in the electron doped regime 46 , we focus on the p-doped regime where the contact resistance is minimized (see inset of Fig.1-a) 23 .
Fig.2-a shows the full current-bias characteristics which are consistent with previous investigations [11] [12] [13] [24] [25] [26] . The length and the higher mobility of our sample make it possible to gain a deeper insight into the ZKT regime. At low fields, we observe a strong increase of the intraband current with doping (up to 2 A/mm at a hole density p = 5.10 12 cm −2 ). Due to the high mobility, the current density rapidly reaches important values and saturates.
Fig.2-b shows the differential conductance σ at low-field where the ZKT contribution is limited and intraband transport dominates. It obeys a standard σ(E) = σ(0)/(1 + E/E sat ) 2 dependence 13 corresponding to a current density J(E) = J sat E/(E + E sat ) where E sat is the saturation electric field. From the doping dependence of σ(0), we extract a finite field mobility µ ≃ 2.8 m 2 V −1 s −1 consistent with the zero field measurement (Fig 1-a) . From E sat , sketched as a blue dashed line in Fig.2 -b, we define a saturation velocity v sat = µE sat = J sat /ne and a saturation energy ε sat = π 2h k F v sat 11 , which is plotted in Fig.2-b Pauli blocking) with electron-hole pair creation at a rateṅ e−h = ek F /(hπ 2 )(E − E zk ). As a marked difference, the pumping energy window increases linearly with the applied field E − E zk . In the absence of theoretical prediction for BLG-ZKT, we rely on the transmission of a sharp BLG p-n junction 27 , D = k F W/4π to deduce the ZKT conductance. To account for the finite length of the junction, we introduce a transparency factor α zk ≃ 0.3 (deduced from the noise measurements, see below). Thus, the ZKT conductance reads σ zk = α zk
In this simple picture, a doping and field independent ZKT conductivity translates into a constant α zk k F l zk that we deduce from the low-doping data where the ZKT regime is prominent. We are thus able to compute the threshold field E zk = 2|ε F |/(el zk ) for each carrier density (red dashed line in Fig.2-a) . In the investigated carrier density range we find l zk ∝ k of these studies is the observation of power-laws P cool ∝ T β e between cooling power P cool and electronic temperature T e . Fig.2-c shows the very peculiar thermal behavior of high-mobility graphene on hBN at high power (P heat < ∼ 2 GWm −2 ), with an abrupt switching between two cooling mechanisms and the clipping of the electronic temperature at high bias.
The low-bias mechanism is naturally WF-cooling that develops on a wide window due to the large heat conductivity κ ∝ σ and the absence of SCs in high-mobility graphene. It relies on solutions of the (1D) heat equation . Experimentally, the temperature shows a superlinear T N (V ds ) behavior ( According to theory for thermal emission 9 , the OP cooling power increases with temperature and doping, which is at variance with our observations that cooling increases at temperature saturation ( Fig The most striking feature in Fig. 4-a is a sudden jump of the emissivity at a doping dependent temperature threshold. This behavior cannot be understood within a thermal scheme since the emissivity at fixed doping should only show a smooth dependence with temperature. This dramatic increase of the emissivity by more than a decade shows that an ultra efficient, strongly out-of-equilibrium process sets in. Interestingly, this new thermal channel arises concomitantly with the switch of the transistor in the ZKT regime (Fig. 2-a and b) that is equivalent to an electrical pumping of electron-hole pairs. Thus, we suggest that this thermal channel is due to the emission of HPPs from an inverted electron-hole pair population. In this respect, the threshold voltage (V ds ≃ 0.2 V) near neutrality shows that e-h pairs generated by ZKT with an energy belowhΩ II are naturally unable to cool the sample. In total, noise thermometry allows to conclude that beyond a first regime which is most probably thermal, HPP emission above the ZKT onset field is a highly outof-equilibrium process.
The temperature plateaus observed in Fig2-c at high doping when cranking up the bias above the ZKT threshold show that the out-of-equilibrium emission of HPPs yields a cooling power P HP P that can compensate the excess Joule power ∆P J : ∆P J = P HP P . In the saturation regime and neglecting the ZKT current with respect to the intraband current, the excess Joule power reads ∆P J ≃ J sat (E − E zk ) = 2ε sat ek F /(π 2h ) × (E − E zk ), whereas the power drained away by HPP emission reads P HP P =ṅ e−hh Ω II with, for e-h pairs created by ZKT,ṅ e−h = ek F /(hπ 2 )(E − E ‡ ). Obviously, those powers equilibrate provided that 2ε sat ≃hΩ II , which is roughly the case in hBN because ε sat ≃hΩ I ≃hΩ II /2. Interestingly, this observation shows that in quasi-intrinsic samples, the temperature saturation at high doping ultimately arises from the peculiar frequencies of the hBN RS bands. Taking this effect into account together with the nonlinear WF cooling described above, we have plotted in Fig.2-d In order to characterize further the non-equilibrium HPP emission, it is enlightening to estimate the steady density of electron-hole pairs in the ZKT regime. In fact, for nonthermal electron distributions, the noise temperature T N has an additional contribution above T e that is directly related to the presence of non-equilibrium holes. Owing to the constant DOS of BLG, this correction can be captured by splitting the noise temperature integral along the conduction and valence bands and writing, for an electron doped BLG,
∼ 1 in weak ZK tunneling conditions. This correction sets the absolute noise floor for a cold BLG ZKT transistor at k B T N = 2n e−h /DOS. In the steady state, the recombination of e-h pairs into HPPs at a rateṅ e−h = −n e−h /τ (where τ is an effective HPP emission time) just equilibrates the e-h generation by ZKT. We thus obtain n e−h = 2τ σ zk /el zk × (E − E zk ) consistent with the residual linear dependence T N (E) observed in the low-doping limit where the ZKT regime is most developed (Fig. 2-c) . The slope of T N (E) near neutrality yields τ ≃ 0.5 ps, approaching the minimum emission time ≃ 0.13 ps (see SI section-VI). Note that the measured time τ is much larger that the intraband electronelectron relaxation time (≃ 50 fs) 41,42 but roughly 4 times smaller than the intrinsic OP emission time entering the cooling rate 9 . This analysis provides a consistent picture of the cooling pathway where electrons in the conduction band rapidly thermalize with the Fermi sea, whereas intrinsic energy relaxation by OPs is quenched by a faster coupling to HPPs.
We note that fast HPP relaxation has been recently reported in a photo-thermoelectric photovoltage experiment 43 .
Conclusion
In conclusion, using combined transport and noise thermometry we have shown that quasi-intrinsic bilayer graphene on hBN transistors have remarkable thermal properties, dominated by Wiedemann-Franz conduction and hBN hyperbolic phonon polariton emission. In particular, we have unveiled a new out-of-equilibrium HPP emission process subsequent to the generation of electron-hole pairs by Zener-Klein tunneling, which yields to the temperature plateaus observed at high doping. A direct signature of this non-equilibrium hole population is observable as a linear correction to the electronic temperature in the noise power in the low-doping limit from which we estimate an HPP relaxion time ≃ 0.5 ps. This
GoBN technology based on local gating of high mobility graphene through a thin hBN layer opens up many perspectives : in terms of applications it makes up a promising platform for RF power amplification and for the design of original cooling pathways in nano-devices;
in terms of basic science it opens up the study of cold cooling pathways involving out-ofequilibrium carrier generated by tunneling processes, and promotes graphene as a dedicated source for HPP optics.
Methods
The graphene boron nitride heterostructures (including monolayer, bilayer, and trilayer 
